Phase-pure bismuth tantalate fluorites were successfully prepared via conventional solid-state method at 900°C in 24-48 h. The subsolidus solution was proposed with the general formula of Bi 3?x Ta 1-x O 7-x (0 B x B 0.184), wherein the formation mechanism involved a one-to-one replacement of Ta 5? cation by Bi 3? cation within *4.6 mol% difference. These samples crystallised in a cubic symmetry, space group Fm-3 m with lattice constants, a = b = c in the range 5.4477(± 0.0037)-5.4580(± 0.0039) Å . A slight increment in the unit cell was discernible with increasing Bi 2 O 3 content, and this may attribute to the incorporation of relatively larger Bi 3? cation in the host structure. The linear correlation between lattice parameter and composition variable showed that the Vegard's law was obeyed. Both TGA and DTA analyses showed Bi 3?x Ta 1-x O 7-x samples to be thermally stable as neither phase transition nor weight loss was observed within *28-1000°C. The AC impedance study of Bi 3 TaO 7 samples was performed over the frequency range 5-13 MHz. At intermediate temperatures, *350-850°C, Bi 3?x Ta 1-x O 7-x solid solution was a modest oxide ion conductor with conductivity, *10 -6 -10 -3 S cm -1 ; the activation energy was in the range 0.98-1.08 eV.
Introduction
Over the last two decades, exhaustive investigation has been performed on oxide ion conductor owing to its promising electrical properties in a wide spectrum of technological applications. Solid oxide ion conductor is a very interesting group of solid electrolytes with which this material could be applied for oxygen sensors, solid oxide fuel cells (SOFCs) or dense ceramic membranes for oxygen separation [1, 2] .
One of the oxide conductors that captured much attention is bismuth-based oxide electrolytes as these materials could demonstrate high ionic conductivity as high as 1 X -1 cm -1 at 750°C [3] . In general, Bi 2 O 3 could exist in four polymorphic forms at elevated temperatures including a monoclinic, a phase, a tetragonal, b phase, a body-centred cubic, c phase and a face-centred cubic, d phase, respectively. By far, d-Bi 2 O 3 with oxygen-deficient fluorite structure exhibits the highest oxide ion conductivity due to the high intrinsic oxygen vacancy concentration [4] [5] [6] [7] . However, this phase is only stable within a limited temperature range, i.e. 725°C before it starts to melt at 825°C [8] . The structural instability of d-Bi 2 O 3 is believed to be resulted from high oxygen vacancies, i.e. 25% of anionic sites are vacant in a fluorite-like structure [6] . Each Bi 3? cation has six O 2-neighbours that occupied at six of the eight corners of a cube with two missing O 2-at diagonally opposite corners.
Consequently, the unit cell of d-Bi 2 O 3 has become statistically disordered and the vacant sites are somewhat correlated to the high ionic conductivity [8] . The high number of oxygen vacancies could facilitate the movement of highly mobile O 2-, thus providing a low activation barrier for ions jumping between neighbouring sites. In addition, other possible reason for high oxygen ion conductivity of dBi 2 O 3 may attribute to the ability of Bi 3? to accommodate highly disordered oxygen surroundings. The presence of Bi 6s 2 lone pair electrons could give rise to a highly polarisable cationic network [8, 9] . In attempts to synthesise the thermally unstable dBi 2 O 3 or other structurally related derivatives, a wide variety of metal cation dopants has been used to prepare new phases of interesting electrical properties through various synthesis methods, e.g. solidstate reaction, sol-gel and mechanochemical methods [2, 7, [10] [11] [12] [13] [14] . The lanthanide oxides, e.g. cation could be accommodated in such a coordination due to its 6s 2 lone pair electrons, the smaller Nb 5? cation must reside in a regular octahedron [4] .
Early literature study showed that limited information is available on the structural and optical characteristics of Bi 3 TaO 7 prepared through different routes [11] [12] [13] . Ta-and Nb-containing compounds are usually isomorphous; Bi 3 TaO 7 is therefore expected to have a type II phase similar to that of Bi 3 NbO 7 analogue with a lattice parameter, a = 5.4427 (Å ) [11] . Considering the visible-light photocatalytic activity, Bi 3 TaO 7 showed a strong adsorbability and high photocatalytic efficiency for the degradation of 4BS (biosorption) dyes, albeit the samples prepared by sol-gel method were in a low crystallinity form compared to that of the solid-state method [13] . The high photocatalytic activity may be influenced by many factors including the effects of surface defects, band gaps and oxygen vacancies. The large surface area of Bi 3 TaO 7 nanopowders by sol-gel method had reduced the zeta potential by providing more surface active sites for the photocatalytic degradation of the 4BS dye. In view of the possibility of exploring other potential applications and properties of these materials, our main objectives of research are: (1) to discuss the subsolidus formation mechanism and structural characteristics of Bi 3 TaO 7 and (2) to correlate the electrical properties of Bi 3?x Ta 1-x O 7-x solid solution with their structure and composition through a series of systematic characterisations.
Experimental
Bi 3?x Ta 1-x O 7-x solid solution and related materials were prepared by conventional solid-state reaction using high-purity reactants, Bi 2 O 3 (99.9%, Aldrich) and Ta 2 O 5 (99.9%, Aldrich) that preheated at 300 and 600°C for 2 h, respectively. Both oxides were weighed, mixed and ground homogeneously in stoichiometric amount with sufficient acetone in an agate mortar. The fine-powdered mixture was transferred into an alumina boat, fired at 600°C for 2 h, followed by sintering at 900°C for 24-48 h in a muffle furnace with intermediate regrinding. Weight loss check was performed, and the powder was kept for further characterisation.
Phase purity of sample was examined using an automated Shimadzu X-ray powder diffractometer (XRD) 6000, which is equipped with a diffracted beam graphite monochromator, CuKa radiation, 1.5406 Å at scan rate 2°min -1 over the 2h range 10°-70°. Data collected at slow scan rate 0.1°min -1 were used for the lattice refinement by Chekcell software. Phase-pure samples were pelletised in *8 mm diameter and *2 mm thick by a uniaxial hydraulic press at *4 tonnes pressure before sintered at 900°C in order to improve the mechanical strength and density. The relative pellet densities were C80% of that determined by both geometrically and theoretically. The geometrical value was calculated by weight and geometry of the sintered pellet, whereas the theoretical value was obtained by the XRD data and unit cell contents. Au paste was used as electrodes, which was smeared on opposite faces and hardened by heating to 600°C. Electrical properties were determined by impedance spectroscopy using a Hewlett-Packard impedance analyser in the frequency range 5 Hz-13 MHz. Impedance measurements were made from room temperature (*28°C) to 800°C in incremental steps of 50°C on a heat-cool cycle with 25-min equilibration time before each measurement. The electrical data were normalised by geometric factor and corrected for stray capacitance of the open jig. Gold-sputtered pellets were used for the surface morphology study by scanning electron microscopy (JEOL, JSM 6400). SEM micrographs were analysed using ImageJ software to calculate the average particle sizes and distribution of the samples. The metaloxygen functional groups were determined by Fourier transform infrared spectroscopy (Perkin Elmer, 100 series). Thermal stability of the phase-pure samples was studied by thermogravimetric and differential thermal analyses (Perkin Elmer, STA 6000) over the temperature range *50-1000°C in heating and/or cooling ramp at 10°C/min under nitrogen atmosphere. Elemental analyses were performed in sample triplicates by inductively coupled plasmaoptical emission spectroscopy (Perkin Elmer, Optima 2000 DV) and energy-dispersive X-ray spectroscopy (JEOL, JSM 6400).
Results and discussion
Synthesis of Bi 31x Ta 12x O 72x subsolidus solution [6, 12, 14] . The summary of these phases and their synthesis conditions are included in Table 1 . For better illustration, these compositions and their subsolidus solution ranges are shown in Fig. 2 . Bi 3 TaO 7 phase, which appears to be our interest of study, has a relatively extensive solid solution range with increasing Bi 2 O 3 content of *4.6 mol%. Two adjacent phases to the Bi 3 TaO 7 , a-Bi 7 Ta 3 O 18 and d-Bi 2 O 3 are discernible at the lower and upper limit of solid solution range. Similar observation had been reported in which a type II* monoclinic phase (Bi 7 TaO 7 ), and a mixture of phases containing type II defective fluorite (Bi 3 TaO 7 ) and type I body-centred cubic phase (Bi 30 Ta 2 O 50 ) was observed [6] .
Bi 3?x Ta 1-x O 7-x (0 B x B 0.184) solid solution is successfully synthesised at 900°C in 24-48 h by conventional solid-state method. Samples are confirmed phase pure by the absence of any constituent oxide or secondary phase. All XRD diffraction peaks are fully indexed (Fig. 3 ) based on the International Crystal Diffraction Data (ICDD), 44-0202. These materials crystallised in a face-centred cubic structure with space group Fm-3 m, Z = 1. Bi 3 TaO 7 shows an oxygen-deficient fluorite structure with a disordered long-range vacancy, which is similar to the Bi 3 NbO 7 analogue [10] . A general formula of Bi 3?x Ta 1-x O 7-x (0 B x B 0.184) is proposed for the subsolidus 
* Additional 24 h is used for the heat treatment On the other hand, the refined lattice parameters by Chekcell software are found to be in the range 5.4477 (± 0.0037) B a B 5.4580 (± 0.0039) Å . A gradual shift in (111) diffraction plane (inset of Fig. 4) confirms a subsolidus solution ranging from 75.0 to 79.6 mol% bismuth content. As the Bi content increases, the peak shifts towards lower 2h angle implying that there is a gradual increase in the unit cell. Assuming both cations adopted a regular oxygen octahedron, substitution of Bi 3? with a relatively larger ionic radius, 1.03 Å compared to the smaller Ta 5? of 0.64 Å , would lead to an expansion unit cell [18] . This has been further supported by a well-behaved linear relationship between lattice constant and bismuth content. Such behaviour portrays that the Vegard's law is obeyed wherein the variation of lattice parameter is in good agreement with the amount of bismuth solubility (Fig. 4) .
Thermal analysis and elemental analyses
TGA and DTA analyses are complementary techniques used to determine the thermal stability of Bi 3?x Ta 1-x O 7-x solid solution. All samples are concluded to be thermally stable as neither phase transition nor weight loss is observed in the studied temperature range *28-1000°C (Fig. 5a, b) . On the other hand, the elemental analysis results of Bi 3?xTa 1-x O 7-x solid solution by ICP-OES are summarised in Table 2 . The experimental results are in good agreement with the theoretical values indicating a correct stoichiometry of the prepared samples. In addition, the expected atomic percentages of Bi and Ta are further examined by EDX analysis, as given in Table 2 . Both analyses show higher experimental Bi values compared to the theoretical atomic percentages. Hence, these results point to confirm that loss of bismuth will not be a problem if low volatile intermediates form during the stepwise firing.
Surface morphology and crystallite size studies
Several changes on the width, intensity and position of the diffraction planes of Bi 3?x Ta 1-x O 7-x (0 B x B 0.184) solid solution are observed in Figs. 3 and 4, respectively. These phenomena may associate with the possible changes in terms of crystallite size and lattice strain in a crystal structure [19] . Crystallite size is a measure of the coherently diffracting domains that could be calculated by Scherrer (Eq. 1) and Williamson-Hall (Eq. 2) methods, respectively.
where D = crystallite size (nm); k = constant of 0.9; k = wavelength of the Cu K a radiation, 1.5406 Å ; b D = line broadening at half the maximum intensity (FWHM); h = peak position (rad). On the other hand, W-H method considers the contributions from both crystallite size and lattice strain towards the total integral breadth of a Bragg peak. Note that lattice strain is a measure of the distribution of lattice constants that may arise from the imperfection in a crystal structure [19] . The lattice size and strain (eÞ are calculated based on the equations below [20] :
By rearranging Eq. 3;
b hkl cos h ð Þ¼ kk=D cos h ð Þ ð cos hÞ þ ð4e tan hÞðcos hÞ; since tan h = sin h=cosh; thus, giving
From Eq. (4), plot of b cos h as a function of sin h should yield a linear function. Therefore, the microstrain value, e, and crystallite size of Bi 3?xTa 1-x O 7-x solid solution can be obtained from the gradient and y-intercept, respectively (Fig. 6 ). Figure 7 shows the comparison of crystallite sizes calculated by Scherrer and W-H methods, and the internal strains of Bi 3?x Ta 1-x O 7-x (0 B x B 0.184) solid solution. The crystallite sizes calculated by Scherrer method are relatively larger but still comparable to those determined by W-H method. The low internal strain, e, of 2.5 9 10 -4 in Bi 3 TaO 7 does not differ much compared to other compositions ( Table 3 ). The low strain value across the solid solution range designates a small degree of structural distortion in which the metal cations and oxide anions are comfortably in their preferred coordination environments [21] . Figure 8 shows the SEM micrographs of Bi 3?xTa 1-x O 7 solid solution. In general, the surface morphologies of the prepared compositions appear to be densely packed with large grains of polygonal shapes and negligible pores. This feature gives an indication that these samples have moderately high relative densities of more than 80% of which few compositions could achieve above 90%. The grain growth depends strongly on various factors, e.g. composition, temperature and synthesis method. The increase in grain size involves recovery and recrystallisation especially the internal energy is further reduced by a decrease in the total area of grain boundary through domain migration. The determined grain sizes in the range 0.2-5.3 lm (Table 3) show that the larger grains contain agglomerates of several or hundreds of smaller crystallites [21] . The increase in grain size with increasing bismuth content demonstrates a good example of the decrease in densification temperature of the Bi-rich compositions.
Fourier transform infrared spectroscopy (FTIR)
The region of interest in IR absorption bands of inorganic compounds is usually in the range 100-1000 cm -1 , which covers the vibrational frequency of ions in the crystal lattice. Infrared-active phonon modes are assigned to the specific bending and stretching vibrational modes that are originated from the metal-oxygen bond. Figure 9 shows the FTIR spectra of Bi 3?x Ta 1-x O 7-x solid solution. The strong absorption band in the range 469-482 cm -1 is corresponded to the Bi-O stretching [22, 23] . The splitting of absorption band into two minima at *200 cm -1 is due to the deformation modes of Bi-O bond. Meanwhile, the weak absorption band in the range 844-852 cm -1 could be associated with the stretching mode of Ta-O-Ta bond. Typically, the absorption bands in the range 850-700 cm -1 are referred to the Ta-O-Ta stretches [24] . Figure 10a shows the complex Cole-Cole plots of Bi 3 TaO 7 at various temperatures. At temperatures below 350°C, incomplete arcs (not shown herewith) suggest that the ionic conductivities are too low to measure accurately, \10 -7 -10 -6 S cm -1 , at any frequency. A perfect semicircle only starts to form at 400°C with a geometry-normalised capacitance of 2.41 9 10 -11 F, which may be interpreted in terms of the bulk response of the sample and a single parallel RC element. This suggests that there is no impedance barrier to charge transfer between the metal electrode and the sample, but it is still unclear at this stage whether the conducting species is due to the electron or the ion. [25, 26] . Interestingly, a low-frequency incline spike is observed at higher temperatures, [450°C, which has become more pronounced as temperature increases. The blocking double-layer capacitance, whose magnitude could be estimated from any position on the spike (Z 00 = 1/2pfC), is in the order of 10 -6 F showing the typical values those expected for the blocking ionic charge carrier at the electrode-sample interface [26] . The electrical conduction is therefore identified to be oxide ions as they dominate the charge carriers; therefore, Bi 3 TaO 7 is an ionic conductor. In general, a vertical spike in the Cole-Cole plot will be observed if the oxygen diffusion is completely blocked and this characteristic can be modelled as an ideal capacitor. At low frequencies, the oxide ions migrate at longer timescales over considerable distances through the material. This allows the ionic charges to have time to accumulate at the interfacial electrodes, and therefore, the polarisation could occur. However, this phenomenon could cause a field distortion leading to the trapped charges within the interfaces between the sample and the electrode. On the contrary, if only limited oxygen diffusion is allowed, an incline spike will be observed. The ideal blocking electrode effect, which is also known as the Warburg response, could occur at an inclined spike with a 45°angle when the oxygen molecules are unable to diffuse through the entire thickness of the partial blocking electrode at the lowest frequencies [25] . However, the spike may collapse further at high temperatures and/or lower frequencies so that a perfect semicircle will be observed when the charge carriers diffuse through the entire thickness of electrode. Figure 10b shows the decreasing semicircle arcs of Bi 3?x Ta 1-x O 7-x solid solution as Bi concentration increases. The bulk resistance of these materials decreases [26] , implying that there is a gradual increase in conductivity of the Bi-rich samples. Such phenomenon may attribute to the large and well- connected grains that could provide a good electrical conduction pathway. On the other hand, high oxide ion conductivity also implies that the actual local coordination of both Bi 3? and Ta 5? cations must be highly variable with O 2-in this disordered fluoritetype structure. This allows additional bismuth content that could lead to an increase in number of oxygen vacancies, and ultimately, higher ionic conductivity has been found in the Bi-rich compositions due to more empty sites for the adjacent hopping oxide ions. In addition, both empty and occupied sites should have similar potential energies with a low activation barrier for jumping between the neighbouring sites. It is pointless to have a large number of available empty sites if either the moving ion cannot get into them or if they are too small. The combined Z 00 and M 00 spectroscopy is a good method for probing the electrical homogeneity of a sample with advantage that no prior conception about the regions or the magnitude of their impedance is required [27] . In general, the bulk-type components dominate the M 00 spectra due to their lower capacitance while the thin-layer-type regions, e.g. grain boundaries and pellet surfaces, dominate the Z 00 spectra due to their higher capacitance and resistive components. Two almost coincident peaks of the imaginary part of complex impedance, Z 00 , and the imaginary part of complex modulus, M 00 , are observed (Fig. 11) . The full width at half maximum (FWHM) of M 00 peak is *1.36 decades, which deviates slightly from the ideal Debye response (1.14 decade) indicating more than one electroactive region and non-homogeneous electrical behaviour of the material. Figure 12 indicates the maxima of Z 00 displace towards higher frequencies with lower peak values at elevated temperatures. This supports well a drop in resistivity especially Z 00 max , and resistivity is simply correlated by Z 00 max = R/2. Meanwhile, the frequency dependence conductivity of Bi 3 TaO 7 is illustrated in Fig. 13 . The ionic conductivities are below 10 -6 S cm -1 at temperatures below 350°C, but increase with increasing temperatures. At temperatures above 600°C, the plateau conductivity increases by several orders of magnitude to 10 -4 -10 -3 S cm -1 . Such phenomenon may attribute to the thermally activated ionic conduction as the oxide ions could gain sufficient energy, vibrate vigorously and are able to escape from their original positions to the adjacent empty sites at high temperatures.
AC impedance analyses
Bi 3?x Ta 1-x O 7-x solid solution is highly insulating at low temperatures, and their electrical conductivities are only measurable at temperatures above 350°C. The temperature dependence of conductivity is expressed by the Arrhenius equation below [28] :
where A is a pre-exponential parameter, k is the Boltzmann constant and T is the absolute temperature. The activation energy (Ea) can be estimated from the slope of log(rT) versus 1000/T. The plot of conductivity, log(rT), as a function of inverse temperature (1000/T) of Bi 3?x Ta 1-x O 7-x solid solution (Fig. 14) shows increasing conductivities at higher bismuth Bi content, i.e. Bi 3.184 Ta 0.816 O 7.816 (x = 0.184) exhibits relatively higher conductivity at all temperatures (Table 4 ). The rationale for the improved conductivity with increasing Bi content could be somewhat explained by the reasons given earlier. In this study, the ionic conductivities of Bi 3?x Ta 1-x O 7-x solid solution are relatively lower than that of the structurally related Bi 3 NbO 7 analogue [17] . As reported in [4] , Bi 3 NbO 7 analogue had an ionic conductivity of 4.2 9 10 -4 Ohm -1 cm -1 at 500°C that was attributable to the bulk and grain boundary with activation energies, Ea of 0.88 eV and 0.71 eV, respectively. Meanwhile, Bi 3 NbO 7 analogue was claimed to have a total ionic and electronic conductivities of 8.01 9 10 -5 Ohm -1 cm -1 at the same temperature with an activation energy of 1.06 eV. Also, a negligibly small contribution of electronic conduction had been proposed due to the partial oxidation of Bi 3? to Bi 5? [17] .
In contrast to the Bi 3 NbO 7 analogue, only straight lines (single gradient) showing modest high activation energy in the range 0.98-1.08 eV are observed in the Bi 3?x Ta 1-x O 7-x solid solution. This gives a clear indication that the electrical conduction is associated with the oxide ion conductivity and bulk response. A similar finding also revealed that the oxide ionic conductivity of Bi 3 TaO 7 was due to the grain region with two different activation energies, 1.05 eV and 1.16 eV, caused by the temperature variation of cubic lattice parameter over the different temperature ranges [11] . On the other hand, the high ionic conductivity also highlights that Bi 3?x Ta 1-x O 7-x solid solution is able to retain some of those essential features attributable to the high ionic conductivity of dBi 2 O 3 . In summary, all these results serve to point that the bismuth content could play a vital role in the electrical properties; in particular, the electrical conduction mechanism of Bi 3?x Ta 1-x O 7-x solid solution is greatly dependent on the structural change in terms of the grain size, surface morphology and oxygen vacancy.
Conclusions
Bi 3?x Ta 1-x O 7-x (0 B x B 0.184) solid solution prepared by solid-state reaction showed a linear increase in lattice parameter with increasing higher Bi content due to the larger Bi 3? ion. The electrical measurements indicated that Bi 3 TaO 7 solid solution had modest oxide ionic conductivity in the order of *10 -4 at temperatures above 600°C. The Bi-rich sample, Bi 3.184 Ta 0.816 O 7.816 , exhibited the highest conductivity of *2.78 9 10 -3 S cm -1 at 700°C. The improved electrical conductivity could be a result of the structural change with increasing bismuth content.
